Photonic components based on structured metallic elements show great potential for device applications where field enhancement and confinement of the radiation on a subwavelength scale is required. In this paper we report a detailed study of a prototypical metallo-dielectric photonic structure, where features well known in the world of dielectric photonic crystals, like band gaps and defect modes, are exported to the metallic counterpart, with interesting applications to infrared science and technology, as for instance in quantum well infrared photodetectors, narrow-band spectral filters, and tailorable thermal emitters.
The idea of reproducing the naturally occurring periodic arrangement of atoms in solid crystals by settling ordered arrays of scattering elements on the light wavelength scale gave origin to the extremely fruitful concept of photonic crystal [1] . Despite the full maturity of this research field, new possibilities keep emerging, regarding the ability of spatially confining otherwise freely propagating photons [2, 3] . In original proposals and traditional implementations, photonic crystals relied on dielectric media, mainly owing to the natural interconnection with semiconductor science and technology. However, moving to metallic photonic structures, new physics was developed and technological milestones were set. Starting from the discovery of extraordinary transmission [4] , researchers explored the world of periodic arrangements of metallic elements, where the concepts of metamaterials and plasmonics naturally appear.
Hybrid metallo-dielectric photonic devices attract attention because the interface between those two classes of materials naturally supports an intense local electric field. This is of clear relevance when the goal is to enhance non-linear effects [5] , but also in the realm of linear physics, where the existence of a maximum of the field close to an interface enables the technology for a whole class of photonic devices, like terahertz quantum cascade lasers (QCLs). It is indeed in connection with QCLs and other intersubband devices that certain concepts, like distributed feedback lasers and photonic crystal resonators, have been exported to metallo-dielectric structures [6] [7] [8] .
In this paper we theoretically and experimentally analyze a simple one-dimensional metallo-dielectric photonic slab structure, where two key features of photonic crystals -band gap and defect modes -clearly appear. The defect mode is a high Q-factor resonance, whose linewidth and angular acceptance can be tuned at will within wide ranges. The observed phenomenology is general and can be extrapolated to devices working in different wavelength ranges [9, 10] ; furthermore, small modifications to the studied prototypical passive component could directly lead to operating devices for the infrared * simone.zanotto@sns.it spectral range. Thanks to the anticipated resonance tunability, metallo-dielectric photonic crystal defects can be very useful for the development of guided-mode resonance filters (GMRF) [11, 12] and thermal emitters [13] exceeding state-of-the-art peformance. In addition, the presence of a metal, which helps electrical contacting, and the absence of active region removal upon etching, could be of technological relevance in the design of efficient quantum-well infrared photodetectors (QWIPs) [14, 15] .
The device under study is schematically represented in Fig. 1 (i) . It consists of a dielectric membrane patterned with thin metallic stripes arranged in a supercell scheme, where a central stripe (defect) is surrounded by a region containing a set of N equispaced stripes acting as a photonic Bragg mirror. We indicate with a and f the lattice constant and "duty cycle" of the Bragg mirror, while d is connected to the defect width; all the stripes are spaced by an air gap of width a · (1 − f ). If d = 0 there is no defect, and the whole structure is periodic with the Bragg mirror period a; if d = 0 the structure has a period A = a · (N + 1 + d). Having in mind possible future applications to active intersubband devices, the dielectric membrane consists of a GaAs/Al 0.33 Ga 0.67 As • order diffraction cone in air. White areas correspond to incidence angles greater than 40
• (experimental limit); gray area corresponds to points below the air light cone.
superlattice similar to that reported in Ref. 16 , where the fabrication details can also be retrieved. Since the heterostructure is here undoped, its role boils down to an effective dielectric of permittivity ε D = 10.05. The thickness is t = 1600 nm.
In the photonic crystal slab philosophy, the working principle of the device can be interpreted by first considering the confinement along the z direction [17] . In this sense, the membrane is an alternance of (air)/metal/dielectric/air (MD) and air/dielectric/air (AD) slab waveguides, each of them characterized by a set of guided modes with effective dielectric constantsε [ Fig. 1 (ii)] [18] . Referring again to the link with intersubband devices, we focus here on the sole TM polarization. At the target photon energy of 140 meV, both MD and AD waveguides are substantially single-moded, and the contrast between their effective permittivitiesε MD1 and ε AD1 is quite large. Hence, we expect that the Bragg mirror regions will actually exhibit a stop band for a wave travelling along the x direction, and in the forthcoming we will show that this is the mechanism which enables the promotion of a confined defect mode.
Before focusing on a thorough discussion about the opening of a photonic gap and the consequent study of defect modes, we present in Fig. 2 a set of data enforcing the relevance of the MD guided modes in the optical properties of device fabricated without defect (d = 0), and with a large metal duty cycle (f = 80%). The motivation of the latter choice lies in the intended application for QWIPs and GMRFs: a large metal fraction leads to a large overlap of the field with the dielectric, and induces clear spectral peaks in the membrane transmittance. Moreover, values close to 80% maximise the photonic bandgap, enabling the implementation of defect modes [19] . We probed the eigenmodes of the PhC slab lying above the light line (guided mode resonances) by means of angle-resolved Fourier-transform spectrometry. The incidence plane was xz and the light beam, set to an incidence angle θ with respect to the normal to the sample surface, was p−polarized. By plotting the angularlyresolved transmittance spectra in the E-k x plane [ Fig. 2  (i) ], it can be noticed that the spectral features closely follow the trend of the MD guided modes folded in the first Brillouin zone, i.e., the points of the E-k x plane which fulfil
where k 0 √ε MD is the MD waveguide in-plane wavevector, k x = k 0 sin θ is the in-plane component of the incident light wavevector, m is an integer and g = 2π/a is the reciprocal lattice unit vector; k 0 = E/hc is the light vavevector in vacuum. In essence, the incoming light couples to the MD guided mode(s) via the lattice periodicity, provided that the resonance condition (1) holds. The second MD mode is required to account for the features above 180 meV.
In spite of its simplicity, this band folding schemewhich is substantially a zero-order perturbation theory -does not give insights into how the guided mode resonance couples to the far-field, i.e., into the resonance linewidth and the spectral contrast. These features can instead be quantified by relying on the rigorous coupledwave analysis (RCWA) [20] , a numerical method which solves the full Maxwell equations given the geometry of a periodic multilayered medium. Employing the sample nominal parameters, we obtained the transmittance plot of Fig. 2 (ii), in good agreement with the experimental data. The simulated spectra only show slightly narrower lineshapes and a larger contrast of certain photonic bands; this could be attributed either to the nonplanarity of the fabricated membrane, which shows fluctuations of 5
• due to some strain in the MBE-grown GaAs/Al 0.33 Ga 0.67 As superlattice, and to imperfections in the lithographic process. Having checked that the experimentally observed transmittance peaks correspond to a theoretical prediction, we now argue that they actually occur when a resonant field inside the membrane is excited. This can be easily stated relying on the RCWA: since it gives direct access to the local fields inside the PhC slab, the color map of Fig. 2 (iii) is readily obtained. In substance, a transmission peak occurs when the photon dwells for a time inside the membrane; the narrower the peak, the larger the dwelling time and the local field.
In other words, the transmittance peak is the signature of a leaky eigenmode of the photonic crystal slab [21] .
In the pictures given above the transmittance peaks are related to the excitation of MD guided modes and to the photonic crystal slab eigenmodes, but no direct insight in the mechanism leading to the bandgap opening is gained. Such an insight can be obtained by introducing a simple one-dimensional photonic crystal model, where the photonic slab is replaced by a stack of homogeneous effective dielectric layer, as represented in the top panels of Fig.  3 . This model goes beyond the zero order perturbation theory (Eq. 1), but the computational effort is much less than that required for RCWA -which, in case of large supercell calculations, and parametric sweeps, can become impractical. In essence, the PhC slab without defect is interpreted as a Bragg mirror constituted by layers of thicknesses a · f and a · (1 − f ), and permittivitiesε MD1 andε AD1 . The band structure, calculated for the gap near 140 mev with the transfer-matrix method [22] , is reported in Fig. 3 (ii), and shows the second-order stop band separating the upper and lower branches. This band structure should be compared to the actual PhC slab transmission reported in Fig. 3 (iv) : despite the non complete agreement, the 1-d PhC approach clearly predicts a gap in the correct energy range. The quantitative mismatch should be attributed to the presence of MD/AD modes other than the fundamental one, to the mode profile difference between MD and AD modes, and to the presence of radiative channels. It is indeed the coupling with the radiative modes that is a point of special relevance, since this is the mechanism that will enable the operation of actual devices. This aspect, that could be treated analytically within a perturbation theory [17] , is here analyzed numerically by observing the behaviour of the transmittance predicted by RCWA. In our case, at the zone center the UB (LB) is radiative (non-radiative). This is not a general phenomenon, since the role of the UB and LB can be exchanged [23] ; what can be asserted is that, because of the symmetry x ↔ −x in the unit cell, one of the two band edges is radiative and the other is not.
Moving now to the search for a defect mode within the gap, in the 1-d model the condition is substantially to require constructive interference after a round-trip [24] :
where arg(r) is the phase of the reflection amplitude of the (semi-infinite) DBR; k def = k 0 √ε MD1 is the wavevector in the defect effective medium, L def = a · (f + d) is the defect thickness and m is an integer. The solution of this equation as a function of d is reported in Fig. 3  (i) : the defect mode is promoted from the upper branch as d increases, and eventually disappears at d 0.5 collapsing in the lower branch. Whether the defect mode has a radiative coupling or not is answered by RCWA [ Fig. 3 (iii) ]: at normal incidence, its spectral feature is a transmission peak continuously evolving from the bottom of the upper branch. The radiative nature of the defect mode, and the possibility to continuously tune its linewidth by keeping a large contrast in transmission, makes it appealing in view of applications. For QWIPs, the matching of radiative-and absorption-induced decay rates is a key issue (critical coupling), and this tuning mechanism is complementary to that reported in Ref. 25 . For GMRFs, a fully-contrasted, isolated transmission feature of tunable linewidth is the essence of the device. Furthermore, the high Q-factor attainable [26] , directly connected to intracavity field enhancement [22] , is particularly appealing in the development of efficient two-photon detectors [27] , or, more in general, of nonlinear devices.
While Equation (2) describes a defect embedded between infinite Bragg mirrors, practical implementations -either in RCWA and in experiments -rely on a finite number of Bragg periods N. In particular, the spectra of Fig. 3 (iii) correspond to structures with N = 6, a value above which the defect mode does not significantly change neither frequency nor linewidth. On the contrary, below that value the number of Bragg periods has an influence on the photonic modes, as we observed by analyzing the band structures of a set of fabricated samples which differ by N at fixed d. The value d = 0.4 is chosen, since it allows for a narrow transmission linewidth while not being too close to the limit value d 0.5. In the top panels of Fig. 4 we report the measured band structures (transmittance spectra) of four samples, starting from the sample with no defect (already analyzed above) and going through N = 2, 4, 6; an interpretation in terms of the 1-d ideal photonic crystal model is given in the lower panels. The upper band of the photonic crystal without defect develops substantially in two radiative bands (evidenced in dark blue in the model), while the lower band develops in a manifold of features. The defect mode, highlighted by an arrow in the transmittance maps, corresponds to the band evidenced with a thicker line in the model. Its radiative nature at the k x = 0 point (normal incidence) is lost upon reaching the boundary of the Brillouin zone corresponding to the supercell period (k x = π/A, indicated with a vertical dashed line). Hence, the choice of the number of Bragg periods can be employed as a tuning tool for targetting a given angular acceptance of the device: this may have an impact on the engineering of direction-selective thermal emitters [28] . Finally, in the right panel of Fig. 4 a quantitative comparison between experiment (at normal incidence) and RCWA is proposed. Despite the non ideal experimental visibility of the defect mode [29] , a good overall agreement enforces the interpretation of the observed features in terms of localized defect modes.
In conclusion, we performed a full study of a metallodielectric photonic crystal slab, where general features of photonic structures like stop bands and defect modes have been observed. The results have been interpreted at different theoretical levels, giving insights in the physics behind the eigenmode structure as well as in the design potentials for actual devices like linear and non-linear quantum well infrared photodetectors, guided mode resonance filters, and tailorable thermal emitters. The authors gratefully acknowledge Riccardo Degl'Innocenti who participated in stimulating discussions. This work was supported by the Italian Ministry of Economic Development through the ICE-CRUI project "Teragraph", and by the European Research Council through the advanced grant "SoulMan".
